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Abstract: 

 Societal Relevance: Cardiovascular pathology is the leading cause of death and disability in the Western 
World. Rupture of abdominal aortic aneurysm (AAA), having a mortality rate of 50-75%, ranks as the 13th leading 
cause of death in the US. The ability to reliably predict the risk of rupture of AAA on a patient-specific basis could 
vastly improve the clinical management of these patients. The anatomic conditions that predispose to aneurismal 
dilation of the aorta are present to varying degrees in the majority of the Western population over age 50. Current 
diagnostic tests (CT / MR angiography and duplex ultrasound) can identify the existence of aneurysm pathology with a 
high degree of sensitivity, but are not specific enough to identify patients at high risk for disease progression and 
rupture. With the advances in computer graphics techniques for surface rendering, the potential for extracting valuable 
information from these modalities has emerged. Combining these modalities with advanced numerical simulations 
additionally facilitates the quantification of significant clinical parameters that offer enhanced diagnosis of the patient’s 
condition, and can be used to arrive to a better informed decision regarding the need for a surgical intervention. 
 

 Innovation: High risk aneurysms that are candidates for surgical intervention are those with aneurismal 
diameter larger than 5.5cm. This size-based-criterion fails to differentiate between small diameter aneurysms with high 
risk of rupture and large diameter aneurysms that may be stable. To provide a way of quantifying the risk of rupture of 
AAAs, we introduced a methodological approach for developing a patient specific diagnostic tool of abdominal aortic 
aneurismal disease integrating elaborate medical imaging with advanced numerical modeling. The proposed 
methodology incorporates advanced constitutive material models of the various components of AAA in fluid structure 
interaction (FSI) simulations, including effects of anisotropy (structural strength based on collagen fibers orientation 
within the arterial wall), AAA intraluminal thrombus (ILT), and embedded calcifications. We incorporate in the 
methodology relevant clinical parameters obtained during prospective studies into patient-specific reconstructed 
models, including flow velocities measured by Doppler ultrasound and non-uniform wall thickness detection. In a 
ground breaking study of ruptured abdominal aortic aneurysms (AAAs), with the use of Mimics, a state-of-the-art 
image reconstruction tool, we simulate the interaction of blood with the anisotropic vessel wall, including important 
structures of the AAA pathology such as the intraluminal thrombus (ILT) and calcified spots. 
 
 Economical potential: The developed methodology will lead to characterization of AAA geometric features, 
including: shape, length to traverse dimensions ratios, neck and iliac arteries angulation, tortuosity, wall thickness and 
strength, calcifications. The developed models are capable of predicting the rupture potential of AAAs based on wall 
stress mapping, incorporating wall strength estimations based on biomechanical and clinical parameters. The potential 
of such a non-invasive diagnostic tool, starting with Mimics in image reconstruction, certainly will be indispensable for 
physicians and scientists in quantifying the risk of rupture in AAAs. Such diagnostic capabilities are essential for 
improved clinical outcomes of procedures in which intervention is directed at those lesions most likely to become 
symptomatic. This methodology will be readily applicable for analyzing and diagnosing other cardiovascular 
pathologies, such as vulnerable plaques in carotid and coronary arteries. By refining the indications for elective surgery 
and eliminating unnecessary or low benefit surgery, the clinical endpoint will improve surgical outcomes, reduced 
mortality rates, and considerable savings in healthcare costs. 
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1.  Introduction 
Abdominal aortic aneurysms (AAAs) comprise a class of vascular pathology that manifests in a 

remodeling of the abdominal aorta.  AAAs are most common in patients who have a history of 
coronary, carotid, or peripheral vascular disease, a history of smoking, or family history of 
aneurismal disease.  It is suggested that both males over 65 years of age and high-risk females 
receive prophylactic screening or treatment.  Due to a globally aging population, the incidence of 
AAAs is increasing along side medical costs associated with patient management 1-4.  In 2003 alone, 
more than 154.7 million dollars comprised the monetary costs of electrocardiography, endovascular 
and non-invasive diagnostic imaging procedures used for management of AAAs in the U.S.  
Complications of AAA, usually rupture of the pressurized bulge in the abdominal aorta, ultimately 
leads to death in 50-75% of rupture cases 5, 6, despite the use of highly advanced imaging techniques 
such as computed tomography (CT), magnetic resonance (MR) imaging, and duplex ultrasound. 

The high mortality rate seen in cases of ruptured AAAs can be attributed, in part, to the 
anatomical location of the abdominal aorta just rostral to the iliac and caudal to the renal arterial 
bifurcations.  However, endovascular correction in cases of abdominal aortic aneurysms is tempered 
by the high risk of this type of operation.  In general, endovascular correction is performed only 
when the risk of rupture is greater than the risk of the operation.  Determination of the risk of 
rupture of AAAs, thus, follows as an important juncture in patient management to ascertain whether 
or not the vascular surgeon should perform endovascular correction.  The problem lies in current 
protocols for determining the risk of rupture.  Using a size based criterion, endovascular surgery is 
likely to be performed if the aneurismal bulge diameter exceeds 5.0 to 5.5 cm 5, 6.  The size based 
criterion does not provide any information on how the surgery should be performed and often 
misrepresents the multifactorial nature of actual risk of rupture 7.  Currently, there is no means of 
measuring, in-vivo, the wall stresses or tissue strength of the aneurysm, but computational models 
are able to calculate fluid and solid properties and can better assist in ascertaining the risk of 
rupture.  

Fillinger et al. 8 have shown that computational models using a static uniform internal pressure 
on a AAA can be 12% more accurate and 13% more sensitive than using maximum diameter as a 
sole predictor for risk of rupture. Several other studies have used idealized geometries to measure 
the effects of variations in wall thickness and the presence or absence of intraluminal thrombus 
(ILT) formations. A uniaxial tensile test to develop a hyperelastic isotropic constitutive relation for 
the ILT was developed by the Vorp group 9. The developed framework showed the ILT, one of the 
known pathologic features seen in AAAs, to be heterogeneously composed of three distinct layers 
with different mechanical properties.  With the aid of three-dimensional image reconstruction tools, 
such as Mimics, one can link subsets of reconstructed patient data to the various material properties 
defined in aforementioned computational models in an effort to develop a robust methodology for 
quantitative assessment of the risk of rupture of AAAs.  The level of accuracy obtained from fusing 
patient data with computational models would be determined by the accuracy of the computational 
model, the detail of the reconstructed anatomical structure, as well as the computational power 
available. 

Outline: In this study, we apply a novel proof-of-concept methodology to patient specific CT 
data to obtain quantitative information concerning the biomechanics of AAAs that may lead to 
rupture, based on information extracted from the Mimics imaging software.  Section two presents a 
schematic diagram of the overall methodology utilized to achieve the objectives of this study. 
Section three describes the image reconstruction in Mimics, utilized to retain anatomical complexity 
from contrast CT scans.  Section four presents the computational fluid dynamics approach and 
results from simulations in Fluent. In Section five, we introduce the fluid structure interaction 
methodology. Results are discussed with details of the computational models utilized in subsequent 
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numerical simulations. Finally, section six summarizes the role of Mimics in establishing a 
quantitative assessment of risk of rupture in AAAs. 
 
2. Methods: Patient Specific Approach for Fluid-Structure Interaction 
 The approach to perform patient specific dynamical analysis between fluid and solid structures 
in pathological AAAs is described in Figure 1 and is composed of five stages.  Initially, imaging 
data was acquired through a 
standard clinical approach like 
computed tomography (CT).  
Informed consent was obtained 
retrospectively for all studied 
cases. The protocol was 
approved by Stony Brook 
University Institutional Review 
Board (IRB) Committees on 
Research Involving Human 
Subjects.  
 Boundaries of reconstruction 
were established for the section 
of the abdominal aorta. Most 
commonly, the lower boundary 
was established just beyond the 
iliac bifurcation, and the upper 
boundary was set around the 
region where renal arties branch 
off the abdominal aorta.  This 
allowed for proper observation 
of the AAA pathology.  Using 
Mimics (Mimics, Materialise, 
Leuven, Belgium) image 
reconstruction software 10, we 
reconstruct the anatomical 
details of the vessel, like the 
outer wall, lumen, intraluminal 
thrombus (ILT), and calcifications using different layered masks.  In a normal abdominal aorta, the 
outer wall is a reinforced fibrous material, which surrounds the blood carrying lumen.  Due to 
vessel remodeling in pathological scenarios, a ballooning of the outer wall is observed in cases of 
AAA.  This remodeling can result from the combined effects of hardened calcified spots and the 
presence of a soft, fatty intraluminal thrombus.  Exporting the three-dimensionally rendered 
geometry in STL format or polylines in IGES format is a simple and robust process. The 
reconstructed surfaces were then imported into a computational fluid dynamics (CFD) 
preprocessing software tool, to allow for the generation of a computational mesh 11.  The three-
dimensional geometry rendered in Mimics was discretized into thousands of smaller triangular 
surface elements for further CFD analysis or fluid structure interaction (FSI) simulations 12, 13. 
 CFD was performed in Fluent (Fluent, Ansys Inc, Lebanon, NH) with the fluid modeled as 
blood and static walls.  FSI, performed in Adina (Adina, ADINA R&D Inc, Watertown, MA), goes 
one step further to assess the interaction of the fluid and solid domains.  The fluid domain was 
modeled as blood. However, the solid domain in our formulation was composed of three parts, the 

 

 
Figure 1. Schematic diagram of patient specific fluid structure interaction 
(FSI) approach shows the main stages through which conventional patient 
CT data is used for estimating risk of rupture in AAAs.  (i) Acquiring of 
imaging data with contrast through standard clinical approaches. (ii) 
Reconstruction of abdominal aorta beyond iliac bifurcation for proper 
observation of AAA pathology using Mimics image reconstruction software. 
(iii) Discretization of geometry to generate a computational mesh in Gambit.  
This mesh is then exported to Fluent for computational fluid dynamics 
(CFD) analysis or to Adina for FSI analysis. (iv) CFD and FSI can be used to 
provide surgeons with quantitative information to assess the risk of rupture 
of AAAs. 
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vessel wall, ILT, and calcifications.  Modeling the solid vessel structure involved mathematical 
description of the fiber orientation as an orthotropic material formulation.  Using an orthotropic 
model, the fiber orientation of the solid vessel wall was determined based on fitting simulated data 
to published experimental results in AAA cases 14, 15. The quantitative information acquired from 
CFD and FSI through this approach can be used to provide surgeons with quantitative information 
to assess the risk of rupture of AAAs.  In the following section, we provide a description of the 
image reconstruction procedure in Mimics with some representative ruptured AAA cases. 
 
3. Image Reconstruction: Three-Dimensional Rendering of AAA Geometries 
 Contrast CT images were used to reconstruct ruptured AAA geometries.  Layered masks were 
automatically segmented in Mimics software with some manual adjustment.  Because of the 
difficulty encountered when discerning 
between soft tissue boundary of the 
intraluminal thrombus and outer wall, 
layered masks for each slice were 
carefully reviewed by a physician.  
Three-dimensional structures were 
subsequently rendered in Mimics with 
further iterative smoothing.  This process, 
highlighted in Figure 2, was simple and 
robust.  Masks for the outer wall, 
intraluminal thrombus, calcifications, 
lumen, and surrounding bone tissue, 
when rendered, allowed for the 
generation of a cohesive three-
dimensional image set which portrayed 
the pathological details of each particular 
case in proper anatomical context.  After 
observation of the three dimensional isosurfaces, seen in Figure 3, high variability in AAA 
geometry was apparent from these reconstructed cases, further showing the need for a patient-
specific approach.  The next section describes results of CFD simulations of blood flow dynamics in 
ruptured AAAs. 

 

Figure 2. Three dimensional image reconstruction from patient 
CT data is performed in Mimics using masks for each two-
dimensional image slice. (A) Masks are shown in a two 
dimensional CT image slice.  The outer wall is shown in yellow, 
ILT in blue, calcifications in green, and lumen in red.  (B) Three-
dimensional rendering of the pathological ruptured structure is 
performed with further iterative smoothing techniques for each 
one of the segmented surfaces. 

Figure 3. Mimics based rendering of AAA structures depicts the ruptured area below the left vessel at the iliac 
bifurcation. (A) Lumen of ruptured AAA is shown in red in relation to the skeletal bone structure in white. (B) 
Calcifications, shown in green, and intraluminal thrombus (ILT), shown in blue, are displayed in relation to the 
lumen. (C) The outer wall is depicted in yellow surrounding the lumen and ILT. 
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4. Computational Fluid Dynamics: using an advanced finite volume solver 
 The reconstructed AAA geometries were imported into an advanced finite volume solver for the 
analysis of fluid flow dynamics.  The fluid material passing through the lumen geometry was 
modeled as blood with viscosity, µ = 0.0035 kg/m s, and density, ρ = 1050 kg/m3.  The flow was 
considered laminar.  Figure 4 presents the velocity flow field, wall shear stress and the pressure 
distribution in the blood lumen of the pathological ruptured AAA.  The figure shows a distinct 
pattern of flow recirculation and pressurization of the remodeled vessel.  The velocity flow field, in 
Figure 4A and B, shows recirculation zones around the region of the formed ILT.  The wall shear 
stress distribution of the aneurismal bulge shows a certain circular pattern of increasing shear stress 
moving towards a central point of high shear stress as seen in Figure 4C.  This circular pattern of 
shear stress undoubtedly is a result of flow recirculation occurring in the region of ILT formation.  
The magnitude of wall shear stress (WSS) was also observed to be increased around stenotic 
regions of the vessel above the aneurismal bulge as well as just beyond the iliac bifurcation as 
shown in reddened regions of the pathological vessel of Figure 4D. 
 While the study of ruptured AAA geometries, as seen in Figure 4, serves to augment current 
medical knowledge of the hemodynamic nature of AAAs, more information can be acquired from 
ruptured AAA geometries through the incorporation of solid features of the vessel.  These solid 
features include the outer wall along with the deposited intraluminal thrombus and calcified 
plaques.  To incorporate both the fluid and solid structures in simulations of AAA geometries serves 
to improve the quality of information that is provided to the medical professional.  Discussion of the 
incorporation of solid structures in the AAA numerical simulation is provided next. 
 

 
Figure 4. CFD results of a reconstructed AAA lumen geometry. The fluid was considered as blood and the results 
depict: (A) the pathlines colored by the velocity magnitude, with maximum velocity of ~1m/sec. (D) represents the 
wall shear stress (WSS) acting on the lumen wall. It is observed that the WSS increases drastically at the iliac 
bifurcation. (E) presents the pressure distribution throughout the pathological lumen geometry. It is observed that the 
pressure is almost constant throughout the aneurysm. Figures (B) and (C) provide a zoomed view of the aneurismal 
area where intense recirculation areas are observed along with a location of high WSS. 
 
5.  Fluid Structure Interaction approach: calculating stress distribution on the wall 
 To fundamentally understand the abdominal aortic aneurysm diseases it is important to be able 
to study the interaction of forces acting between the blood flowing in the lumen and the thin wall 
surrounding the pathological blood lumen. It is hard for imaging tools to foresee the real 
hydrodynamics and the conditions of the solid structure under severe disorders like the abdominal 
aortic aneurysms. The methodology presented in this section will help understanding the 
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fundamental principles that cause the pathological remodeling of the abdominal aorta. We expect 
that our FSI models will provide a significant improvement in the understanding of AAA disease. 
 Fluid flow and blood material 
properties. The flow is modeled 
as laminar and transient and blood 
is considered Newtonian. The 
equations describing the fluid 
motion are the Navier-Stokes 
equations in the arbitrary 
lagrangian eulerian (ALE) form. 
This formulation allows the 
arbitrary grid motion of the fluid 
domain due to continuous 
coupling with the thin fibrous 
wall. The recirculation zones 
inside the lumen play an 
important role in the dynamics of 
the aneurysm and influence the 
remodeling of the whole structure. 
It is important to be able to 
calculate the dynamic interaction 
of blood inside the lumen with the 
surrounding solid structures, like 
the fibrous wall, ILT and calcified spots. Figure 5 shows the computational meshes from the three-
dimensional surface structures that originally exported from imaging software and passed through 
grid generators, to obtain a file format readable for Adina 11, 13. The three different computational 
grids shown from left to right are the blood lumen composed of 32,490 elements, the ILT, 41,895 
elements, and the vessel wall, 55,264 elements. 
 Solid structures– orthotropic formulation – experimental basis. Accurate wall stress analysis of 
AAA requires information regarding the patient based geometry of the pathological aorta, the wall 
thickness variability, applied forces acting on the wall and appropriate blood flow conditions. The 
exact flow rate and pressure at each time of the cardiac pulse is required for the detailed prediction 
of stress on the AAA wall. To appropriately describe the material properties of the AAA wall, 
uniaxial testing of abdominal aortic tissue specimens performed by Ragahvan et al. 16, modeled the 
mechanical behavior of the tissue by using non-linear hyperelastic wall mechanical properties given 
by the isotropic Mooney-Rivlin formulation 17. 
 To properly model the mechanical response of AAA tissue, Vande Geest et al. 18 have used 
tension controlled biaxial testing to characterize the three-dimensional response of the tissue. A 
high degree of anisotropy in mechanical response was observed between the circumferential and 
longitudinal directions. Our group fitted experimental data of AAA wall specimens to an 
exponential strain energy orthotropic material model 14, 19.  In order to adapt this experimentally 
observed behavior of AAA wall tissue under mechanical stresses, orthotropic material model 
developed by Holzapfel et al. 20 has been used for multi-layer arterial walls. The Holzapfel strain 
energy function models the tissue as a fiber-reinforced composite material with the fibers 
corresponding to the collagenous component of the material. This material formulation was used in 
many different arterial walls, like aortic walls, coronary arteries, carotid arteries etc. 20-27 and its 
mathematical form is shown in equation (1). 

 
Figure 5. Computational grids generated in Adina, a finite element solver. 
The three-dimensional surface structures were originally exported from 
imaging software like Mimics and passed through Gambit, a CFD 
preprocessor, to obtain a file format readable for Adina. Three different 
structures are shown from left to right, lumen, ILT, and vessel wall. 
Through the cross sectional cut, performed in Adina, one can observe the 
highly tortuous and irregular nature of the pathological vessel of the AAA 
due to the ILT structure that is attached to the remodeled vessel wall. 
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The coefficients in equation 
(1) used for the fibrous wall 
and the calcifications are 
depicted in Table 1. The 
intraluminal thrombus was 
modeled as a linear elastic material with Young modulus 110 kPa and Poisson ratio 0.45. 

 FSI Simulation results. FSI simulations to model biomechanical behavior of the AAA wall 
surrounding the lumen have been performed by several authors 28-32. However, based on the 

isotropic assumption, the directional ambiguities associated with abdominal aortic tissue mechanical 
response to stresses, which may play a major role in the behavior of the tissue under elevated 
stresses, cannot be resolved. Our group has used an orthotropic model to determine the wall stress 
distribution in aneurysms of differing configurations, both with and without thrombus 14, 15. The 
complex flow trajectories within the AAA lumen indicated a possible mechanism for the formation 
and growth of the intraluminal thrombus (ILT). The resulting magnitude and location of the peak 
wall stresses was dependent on the shape of the AAA. Our data suggest that while thrombus does 
not significantly change the location of maximal stress in the aneurysm, the presence of thrombus 
within the AAA may reduce some of the stress on the wall 14, 15. Accordingly, inclusion of 
calcifications in stress analysis of AAA is important and will increase the accuracy of predicting the 
risk of AAA rupture 33. As shown in Figure 6 variability of stress is observed based on the structure 
topology and hemodynamics as described by previous researchers 34, 35. The ILT, a much softer 

Table 1. Material properties for the fibrous wall and calcifications 
Material C1 [Pa] C3 [Pa] D1 [Pa] D2 k1 [Pa] k2 ao 

Wall 8,888 164,900 48.7 53.46 1,886,000 94.75 50 
Ca 92,000 — 36,000 0.2 — — — 

Figure 6. FSI analysis, performed in Adina, allows for the topological determination of stress distribution in the 
solid structures and pressure field in the fluid domain.  (A) The fluid domain pressure distribution depicted in the 
figure pressurizes the surrounding vessel wall. This effect increases the total stress acting on the AAA structure.  (B) 
The outer wall experiences the highest total stress peaking at ~0.6 MPa at regions where no ILT is present. 
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material, accepts lower levels of stress, verifying the notion that it can function as a cushion 36. The 
pressure distribution in the lumen indicated that the blood pressure does not change substantially in 
the aneurismal area pressurizing the surrounding vessel wall.  

Several cases of patients who arrived at the Stony Brook university hospital ER with contained 
ruptured AAA were studied (where the AAA shape was still contained). In order to test the ability 
of our models to predict the location of rupture, FSI simulations were performed for one of the 
above mentioned cases. The results from the FSI simulations indicate highest stresses along the 
actual rupture line as depicted in Figure 7. In these simulations, the highest stresses occurred on the 
distal side of the spinal cord and the ILT. For this specific patient AAA configuration, the ILT 
seemed to offer a significant protective effect by reducing the stresses in the surrounding wall 
region (purple, figure on the right). Two major locations of stress concentrations were predicted 
from the FSI simulations, one at the location of the actual rupture and one close to the neck of the 
aneurysm. The calcifications (green, figure on the left) embedded along the rupture line create 
regions of high stress concentration (unlike the bigger calcifications that appear deposited, not 
embedded, on the wall). While indicating that the neck area could have been a potential location for 
a secondary rupture, the peak stress values (~0.5 MPa, occurring at peak systole at 300µs from the 
start of the cardiac cycle) were prominent in the rupture area. The combination of calcifications and 
a thinner wall observed and extracted from the CT scans in the rupture area above the iliac 
bifurcation was the most probable contributor to the weakening wall strength where the rupture 
actually occurred. The FSI simulation clearly captured this, indicating that it would offer a strong 
predictive value as to the rupture potential for the specific patient. 

 
Figure 7. FSI simulation of a ruptured AAA: the location of the maximal wall stresses overlaps the actual rupture 
region. The inner top panel (left) shows the lumen with calcifications above the bifurcation and the iliac branch. The 
actual rupture is depicted on the wall surrounding it (yellow). The right panel shows the wall stress contours, with stress 
concentration along the rupture line. 
 
6. Mimics: a bridge to CFD-FSI 
 Current imaging modalities can provide qualitative but not quantitative information about blood 
flow dynamics and wall stresses and strains. The goal of this study is to develop a novel 
methodology to provide a means of quantifying the risk of rupture of AAAs, through a combination 
of medical imaging modalities, image reconstruction tools followed by fluid structure interaction 
(FSI) approaches. The developed FSI approach incorporates advanced constitutive material models 
of the various components of AAA, including effects of anisotropy due to collagen fiber orientation 
within the arterial wall, AAA intraluminal thrombus (ILT), and embedded calcifications. With the 
use of Mimics, the methodology established could ultimately serve as a gateway tool for physicians 
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and scientists to obtain quantitative information from patient-specific AAA geometries in a non-
invasive manner as an extension of current clinical practice. In the future, this methodology will be 
applicable for analyzing and diagnosing other cardiovascular pathologies, such as vulnerable 
plaques in carotid and coronary arteries. 
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